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Alignment and focusing tolerance influences on optical performance*
Eugene W. Cross

University of California, Los Alamos National Laboratory,
Optica! Science and Engineering, MS ES523, Los Alamos, New Mexico 87545

Abstract

Alignment errors among components of an optical system may substantially degrade the
image quality. Focus errors also affect system performance, The potential for serious
degradation of image quality is substantial and requires that the tolerances for these
errors receive significant attention early 1in system design. The 1image gquality and
reconpajssance performance of an all-reflecting Cassegrain is compared to an
all-refractive optical system under conditions of zero and anticipated "real worig"
misalignments.

Introduction

It has been known since virtually the time of the earliest telescopes that optical
devices usuially fall significantly short of their analytically predicted possible
performance capabilities. The faults Jayed 1in the analytical model, which restrict
consideration to ideal optical elements without flaw, perfect alignment, and perfectly
undisturbed air paths. 0f course, everyone knew that these restrictions to ideal
parameters were not realistic, but there was computationally no easy way to rigorously
handle "real world" imperfect parameters.

[t is now possible to model a -<omplete electro-optical system from target to sensor
output and even perhaps the sensor interpreter/analyst.l While this 1s nuw possible,
most imaging ootical systems continue ta be designed with the same basic beginning
assumptions of three hundred years aqo.

The most serfously underrated of these assumptions is optical alignment, or rather the
alignment error, since no optic fs perfectly alianed. An analysis of an optical system's
performance while fts optical componrents are in a condition of realistic misalignment is
essential for scoping what may otherwise be grossly optimistic performance expectations,
[t 1s also essential for choosing Letween alternative optical designs having different
sensitivities to alignment errors.

Aligned versus misaliqned optical systems

Most optical systems are designed to have their 1{deal optical and mechanical axes
coincident and exhibit rotational symmetry, In the "real world," or non-ideal state,
these same optical systems have optical! components which exhibit tilt, decanter, and
despace errors. Figures 1-4 {llustrate a lassic all-reflecting Casseqgrain {n {ts {deal
ste¢te and in varicus states of misalignment, the last being the most realistic, though
exaggeratad for clarity, '

Alignment erwvors produce image errors.2 Suych image errors, or defects, are alsd known
as  abarrations. Axtal coma and image displacemant are the principal aberrations
fntroduced by tilts and, decentrations. Axial coma s similar to third order coma, except
it 135 i{ndependent of the distance from the center of the field, Dafocus, or fouus
poiition error, and spherical sberracion are the principal abarrations produced by axial
displacement of the imaqe, Mtsalignment produces chromatic abarrations fin refracting
lanses., Dacantratinn results in comatic flare and astigmatic separation of the focal
plane into two tilted f{ntersacting focai planes. A!! rtald abarrations are affacted by
aliynment arrors,

Ofatinct from axtal dispracemant of the image by tilts and deacenters {s focus arror due
to the image detector being fIncorrectly axtally positioned with respect to the focal
(fmaye) surface. Fosus errnr can resuit from transient optical componant spacing errors
not being takan {into account, lLass we!l)l apprecifated Is the fact that the required
focusing precisfon for o an afrborne diffraction-ltmited /72 lans ts bayond the capabtlity
ind  stabiltty of stattc micropostitionars, The appearance and naffact of focus arror s

simflar to spherical abarration,
*Work done under the ausplees of the U, 5, Dapartmant of Eneryy,
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Analysis: taming the tiger

Fundamentally, one must begin with either 1) the size of alignment error that can be
achieved, or 2) the magnitude of the image error (due to alignment error)that can be
accepted. If one of these two paramaters is known, the other car be comnuted. This
implies that a determination has been made of the overall image quality required and that
an error budget has been or will be made, which divides the permitted image degradation
between 1) design deficiencies, 2) component fabrication errors, 3) alignment errors, 4)
detector losses, 5) image motion losses, and 6) atmospherics. For the sake of simplicity
in the examples to follow, design deficiencies, alignment errors, and detector losses are
taken 1into account, but component fabrication errors, motion losses (vibration and
tracking) and atmospherics are ignored.

The optical analyses of the mirror and lens systems were performed utilizing Code Vv, a
versatile and well supported optical design and evaluation computer codes in existence.
Code V has a powerful subroutine called TOR which will calculate the constructional errors
of an optical system for a given root mean square wavefront error or a given modulation
transfer function (MTF) drop at a spatial frequency of interest. Two position errors,
tilt and decenter, are among the construction errors computed and quantitativelv are
equivalent whether the errors occur in the optical substrates themselves or the mountin->
thereof. The results from TOR's automatic output would be everything needed if it were
not for the fact that the performance of a lens needs to be eramined in conjunction with
its detectors response,

Unfortunately, optical detectors have noise in them, and cannot provide meaningful
information at very srall modulations. Every detector has a different modulation versus
spatial frequen<y response for a specific input scene contrast ratio. Response curves for
detectors are not linear, but may be nearly linear and have a nearly constant MTF for high
to moderate input scene contrast ratios. For ease of analysis, a detector threshold of
MTF=0.l was chosen. This 1is actually a fairly reasonable value for some reconnafssance
films when the input scene contrast is about 5:1 to 100:1.

The TOR constructional tolerance output can be used as a general guide in comparing the
alignment sensitivities of different lenses. However, any "real-world" comparison
requires that each component be misaligned by the realistic amount and then ray traced as
if it were a tilted and decentered system, The diffraction MTF resulting is then examined
over the MTF values of interest. For this analysis, the resolution "cut off" of the
detector at MTF of 0.1 is the figure of merit,

A sufficient number of MTF runs were made to find the "worst case” geometry for the
Cassegrain and the triplet, A tilt and decenter cof 0.005" among components in a triplet
could take place in such a geometry as to be somewhat compensatory. This was not
permitted. [terations were performed until the "worst cast" geometry was establishac.
The performance of the worst casa for each of the Cassegrain and triplet is plotted in
Figures 5 and 7.

All-mirvor reconnaissance lens

The Cassegrain-type optical system is the most frequently used mirror system. It is
compact, simple, and can produce essentially perfect images at ‘he center of the field.
To provide nearly diffraction-limited imagery over a field of even !° requires giving up
compactnass or adding field lenses or both. The Itek "LOROP"™ i{s an mxample of a compact
Casseagrain (19.7" aparture) with good field (1.9') correction made possible by four field
lensas and a spactral filter,

Table 1, Optical characteristics of f/5 Cassegrain

Typa Classica) Crssegrain
Focal length 100 inches
Relative aperture f/5
Fleld of viaw 0.5 degrees
Clear aperture 20 {inches
Cnter of pass band 0,65 um
Resolution (at MTFa0.l) 188 linas/mm
Focal length of prim, mir, 40 inches
Snparation between mir, 26.86 inahes
Diameter of obscuration 7 inches
The classical Cassegrain, consisting only of two mirrors, a parabolotdal primary and
hyparboloidal secondary, was chosen for analysis hecause of {ts simplicity. Table

datalls fts characteristics., Figure | depicts what nearly aevery designer imagines s
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true, a d Figure 4 depicits what every systems engineer should know is true,

In F.jure 5 we see plotted the results of diffraction MTF analyses. The perfect f/5
lens performance cannot be a. ved, though close approximations are possible, for example
by use of. an off-axis (unobsc. -d) Schmidt. The ideal f/5 hybrid Cassegrain performance
is approached closely by the 1| - "LOROP" syscem. The "ideal" f/S5 Cassegrain is merely
the Figure 1 condition, with erfect alignment but all naturally occurring field
aberrations present. The next curve to the left indicates that the overall performance of
the Cassegrain is only slightly affected by the tilt and decente- errors of 0.005", but
the threshold serformance is substan:ially affected, dropping from 188 to 134 cycles/mm
(28.7 percent drop in resolution). The left-most performance curve snhows the dramatic
loss of performance associated with tilt and decenters of 0.Cl10". It is obvious that
alignment errors must be held to about 0.005" or less, or serious performance losses will
result in this design.

Figure 6 shows the MTF analyses transformed into reconnaissance performance
predictions, Note the moderately good agreement between the simple MTF analyses for the
perfect 20-inch-diameter lens, the "ideal" classical Cassegrain, and the more complex
statistical [tek analysis of the Itek “LOROP"™ hybrid Cassegrain performance.

Table 2 Alignment affects the standoff range

Clear Standoff Oistance
Aperture Optical System Deisgnation (In nautical miles)
20" Perfect lens, misaligned 0.000" 60+
19.7* Itek "LOROP" Hybrid Cass. (Prediction) 50+
20" "Ideal" Cassegrain, misaligned 0,000" 50
20" "Peal" Cassegrain, misaligned 0.005" 35
20" “Real" Cassegrain, misaligned 0.010" 5

Table 2 elaborates on Figure 6. It shows that the maximum standoff distance at which a
five~foot ground resolved distance (e.g., general identification of missile site,
aircraft, command control HQ) can be accomplishad is greatly affected by alignment
errors. An altitude of 30,000 feet and target ground contrast of 4,7:1 s assumed.

As far as variation. on the first order Cassegrain design parameters are concerned,
considerable possibilities exist. These variations will definitely have an affect on
alignment sensitivity. The analytics describing Cassegrains are well established and
understood.%.5,8 The sensitivity of the secondary mirror to daecenter and tilt can be
reduced by increasing the primary mirror's focal lengtn or increaiing the magnification of
the secondary. The sensitivity of the system to mirror spacing error can be reduced by
increasing the primary mirror's focal length (increasing the focal ratioc).’ The tilt
sensitivity of the primary can be reduced by increasing the primary mirror's focal length
or reducing the primary's aperture. In general, primary mirrors taster than f/23 (e gq.,
f/2 and fJ/l) should br avoided, as well as secondaries below 2.5X magnification.8.9
However, this myst always be weighed against total system considerations, such as size,
volume, weight, rigidity, field of view, photographic speed, imace quality, cost, etc,

Misrors varsus lenses

The Cooke triplet used here to represent all refractive Tenses was optimized for a wide
field, whaereas the classical Cassegrain modeled was optimized for a narrow field. VYet,
this ts a rezlistic design, since a larger field would be demanded of an all-refracting
lens, Table 3 indicates the triplet's optical characteristics.

Table 3 Optical characteristics of f/5 trinlet

Type Cooke triplet
Focal length 20 finches
Relative aperture f/5

Field of view 4 degraes
Clear aperture 4 inches
Canter of pass band 0.85 um

Resolution (at MTFe0Q.l) 154 lines/mm

Figute  has a surprise in it, The triplet {s actually more sensitive to ¢l fgnment
arvors  than the (Casseqrain. Misalfgnment by only 0,0025 inch, or one half the
misalignmen:. of the Cassegrain, producgs a drop in threshold resolutfon efficiency of 36.3
percent., ‘s compares to a 21.8 percent drop for the Casseqgratn resulting from tilt and
decanter arrors of 0.005 fnch, At & misalignment of 0.00¢ inch, the tiiplet loses 50
percent  of its original resolution efficiency to misaligrmant, Table 4 compares the
purformance details,
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Table 4 A comparison of designs and parameters

Resolution

Resolutiun Efficiency
Limiting resolution Efficiency Loss Due to
Misalignment (In cycles/mm {actual/ Misalignment
Parame:er/Type Optic (In inches) at MTF. = 0.1) possible) (In percent)
1) Perfect Qptical System 0.000" 248 1.000 00.0

(Aberration and ob-
scuration free) _

2) "Ideal" Cassegrain 0.000* 252 1.000 00.0
(Aberration zero;
obscuratian)

3) "Design® Cassegrain g.000" 188 0.758 00.0
(Small residual
aberrations obsura-

tion)
4) “"Real® Cassegrain 0.005" 134 0.540 21.8
5) "Real" Cassegrain 0.010 12 0.048 71.0
G) "ideal® triplet 0.000 248 1.000 00.0

(opt1m1;ed for on-
axis, 0° field)

7} “ldcal" triplet 0.000" 154 0.621 00.0
{optimized for 4°
field)
8) "Real® Triplet 0.0025" 64 0.258 36.3
{optimized for 4°
field)
9) "Real" triplet 0.005" 30 0.121 50.0
(optimized for 4°
field)
10)Focus error f1/8) 0.0006" 228 0.919 8.1
11)Focus error (aA/4) 0.0013" 160 0.654 35.5%
12)Focus error (aA/2) 0.0028" 80 0.323 67.7

Design philosophy

The larger the space available in which to put optics, the looser will be th2 alignment
tolerances on the individual components.l0 The 1looser the individual tolerances, the
better tha prospects for good image quality and reduced costs. These truisms are nearly
"Laws o+ Optics” and should bn on every opticist's wall., Components close v2 a pupil of
the system require tight alignment tolerances and those further away require less.
Components with mere optical power dre more sensitive to misalignment than those with
little optical power. Selection between altermative system designs should be strongly fin
favor of the one permitting the largest alignment errors, The system should ideally
contain simple alignment points, or there must be adequate optical and mechanical aids to
inake the alignment simple and its theory understandable.

In many cases, a decision on the nature of a design can be made on the basis of the size
of focus error permitted. Parameters 10, 11, and 12 in Table 4 and Figure 8 speak to the
significance ~»f the focus error for high performance airborne lenses. [f a
diffraction-limited image {s required, or on3 that i< nearly diffraction-limited, the
focus error has to be made as small as a/8 optical path differen.e (QOPD) in order to have
a negligitle effect on the inage. At f/5, this means positioning the detector with an
accuracy of *,0006 inch over a wide range of environmental conditions. This may be on the
rzgqed edge of being doable with a judictous choice of materfals, but only for a small
optic. Certainly to think in terms of the same quality of imaje at f/2, where a focus
tolerance of only #,0001 inch {s the rule, 1s to automatically require closed-loop
wdvefront or encircled energy sensors to control focusing.

Conzlustons

Optical systeme which are required to perform near the theoretical resolution limits are
sensitivea to misalignment and defocusing, The "real-world" performance of an optical
cystem can be predictad only when {maga quality {is computed on the basis of "real-world"
misalignments. Acceptable misaiignments are tolerancas and should be made part of the
op' ‘11 specifications. Choices betwz2en alternative optical designs must be made on the
be.rs of "real-world" performance, which may be vastly different from the inftial "ideal"
{(-*ro misalignment) performance.
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Figure 1. Perfectly aligned Casseqrain telescope. Figure 2  Secondary tilted.

Flgure 3. Primarly tilted. Figure 4. Secondary tiited, Dacentered, despaced.
and prirary tilted. (Exaggerated real conditions.)
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